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Comprehensive  summary  of  significant  work: 


•  Researchers  followed  the  trajectories  of  hydrogen  storage  in  single  Pd  nanoparticles  using  Au  as  a  plasmonic  probe,  with 
direct  and  indirect  sensing  schemes.  Hydrogen  absorption  and  desorption  trajectories  from  individual  particles  were 
disentangled  from  ensemble  averaging. 

•  In  indirect  sensing  scheme,  a  Pd  dot  is  patterned  in  the  near-field  of  an  Au  antenna  with  great  precision.  Geometric 
enhancement  of  the  electromagnetic  field  with  triangular  Au  antennas  results  in  a  larger  sensing  response  compared  to 
Au  rod  antennas. 

•  Au/Pd  core/shell  nanoparticles  for  the  direct  sensing  experiment  yielded  larger  LSPR  shifts  as  both  materials  were  in 
contact.  Notably,  shape  dependent  hydrogen  uptake  trajectories  were  observed.  The  majority  of  these  core-shell  particles 
displayed  red  and  blue  LSPR  shifts  with  increasing  and  decreasing  partial  pressures  of  hydrogen  respectively,  as 
hydrogen  intercalated  reversibly  into  palladium.  However,  20%  of  the  particles,  mainly  those  with  thicker  Pd  shells, 
showed  LSPR  shifts  that  cannot  be  merely  explained  hydride  formation.  These  unexpected  LSPR  shifts  may  be 
explained  by  Au/Pd  interdiffusion  or  silicide  formation. 

•  This  non-invasive,  in  situ  sensing  platform  underlies  the  need  for  more  single  particle  studies  of  catalytically  active 
nanoparticles.  This  work  shows  that  single  particle  techniques  are  vital  in  retaining  information  that  would  be  lost  in 
ensemble  averaging. 

•  Hot  electron  flow  generated  on  a  gold  thin  film  by  photon  absorption  (or  internal  photoemission)  was  amplified  by 
localized  surface  plasmon  resonance. 

•  Direct  measurement  of  photocurrent  on  a  chemically  modified  gold  thin  film  of  metal-semiconductor  (TiCL)  Schottky 
diodes. 

•  Intrinsic  correlation  between  the  hot  electron  flow  generated  by  internal  photoemission  and  localized  surface  plasmon. 

•  This  project  demonstrated  enhanced  photocurrent  in  a  thin-film  iron  oxide  photoanode  coated  on  arrays  of  Au 
nanopillars.  A  net  enhancement  as  high  as  50%  was  observed  over  the  solar  spectrum.  The  enhancement  can  be 
attributed  primarily  to  the  increased  optical  absorption  originating  from  both  surface  plasmon  resonances  and  photonic¬ 
mode  light  trapping  in  the  nanostructured  topography. 

•  Project  demonstrated  a  new  type  of  Ag-alumina  hybrid  SERS  platforms  for  detection  of  surface  reaction 
spectroscopically  in  real  time.  The  reaction  intermediates  of  water  oxidation  on  TiC>2  surface  were  observed  in  real  time 
under  UV  irradiation.  Surface  intermediate  bands,  which  correspond  to  peroxo,  hydroperoxo  and  hydroxo  of  titania 
surface  intermediate  species  were  clearly  observed,  suggesting  that  the  photooxidation  of  water  splitting  was  initiated  by 
nucleophilic  attack  mechanism. 

Catalytically  active  nanoparticles  were  interrogated  at  the  single  particle  level  using  a  plasmonic  sensing  scheme.  The  activity 
and  selectivity  of  heterogenous  catalysts  is  uniquely  dependent  on  their  size,  shape,  faceting  and  support.  Heterogenous  catalyst 
particles  also  tend  to  evolve  as  the  reaction  proceeds.  Single  particle  studies  of  catalytically  active  nanoparticles  deconvolute  the 
trajectory  of  individual  particles,  retaining  information  that  would  be  lost  by  ensemble  averaging.  Hydrogen  storage  was  chosen  as  a 
model  reaction  to  study  catalyst  nanoparticles  at  the  single  particle  level.  As  hydrogen  gas  dissociates  and  intercalates  into  Pd,  Pd 
changes  from  a  metal  to  a  semi-metal.  This  change  in  the  dielectric  function  of  Pd  gives  rise  to  a  change  in  the  refractive  index  in  the 
near-field  of  the  Au  antenna,  shifting  its  localized  surface  plasmon  resonance  (LSPR).  More  oblate  particles  show  a  larger  sensing 
response  due  to  field  enhancement.  Shape  dependent  hydrogen  storage  trajectories  are  observed  for  Au/Pd  core/shell  nanocrystals. 

Our  second  plasmon  enhanced  sensing  scheme  of  catalytically  active  intermediates  involved  a  new  type  of  Ag-alumina 
hybrid  SERS  platform  for  spectroscopy  of  surface  reactions  in  real  time.  Langmuir-Blodgett  technique  was  employed  as  a  large  scale 
assembly  technique  to  self-assemble  facetted  Ag  nanocrystals  into  monolayers  of  sensor  arrays  with  reproducible  SERS  signals.  The 
Ag  nanostructures  platforms  were  then  coated  with  a  thin  layer  of  alumina  by  atomic  layer  deposition  to  prevent  charge  transfer 
between  photocatalyst  and  Ag  during  photocatalysis.  A  single  layer  of  ~  5  nm  thick  Pt  co-catalyst  coated  anatase  TiCL  nanocrystals 
with  predominantly  {001}  facets  were  subsequently  assembled  onto  the  SERS  platforms  by  Langmuir-Blodgett  technique.  The 
surface-enhanced  Raman  vibrations  of  distorted  surface  Ti-O-Ti  bands  and  reaction  intermediates  of  water  oxidation  on  TiC>2  surface 
were  observed  in  real  time  under  UV  irradiation.  Surface  intermediate  bands,  which  correspond  to  peroxo,  hydroperoxo  and  hydroxo 
of  titania  surface  intermediate  species  were  clearly  observed.  The  detection  of  titania  peroxo  and  hydroperoxo  species  suggested  the 
photooxidation  of  water  splitting  was  initiated  by  nucleophilic  attack  mechanism. 

In  summary,  researchers  developed  two  plasmon  enhanced  sensing  platforms  for  the  in  situ  detection  of  intermediates  in 
catalysis.  They  also  examined  the  plasmonic  enhancement  of  iron  oxide  photoanodes,  and  the  amplification  of  hot  electrons  by  the 
localized  surface  plasmon  resonance  of  gold.  This  body  of  work  illuminated  spectroscopically  silent  or  weak  intermediates,  and  thus 
contributed  directly  to  the  rational  design  of  catalysts. 


Papers  published: 


“Surface  Plasmon-Driven  Hot  Electron  Flow  Probed  with  Metal-semiconductor  Nanodiodes,”  Y.  K.  Lee,  C.  H.  Jung,  J.  Park,  H.  Seo, 
G.  A.  Somorjai,  J.  Park.  Nano  Lett.  11,  4251,  2011. 

“Templated  Synthesis  of  Shape  Controlled  Ordered  Ti02  Cage  Structures,”  Y.  Deng,  H.  Tiiysuz,  J.  Henzie,  P.  Yang,  Small,  7,  2037, 

2011. 

“Observations  of  shape-dependent  Hydrogen  Uptake  Trajectories  from  Single  Nanocrystals,”  M.  L.  Tang,  N.  Liu,  J.  A.  Dionne,  A.  P. 
Alivisatos,  J.  Am.  Chem.  Soc.  133,  13220,  2011. 

“Nanoantenna-enhanced  Gas  Sensing  in  a  Single  Tailored  Nanofocus,”  N.  Liu,  M.  L.  Tang,  M.  Hentschel,  H.  Giessen,  A.  P. 
Alivisatos,  Nature  Mater.  10,  631,  201 1.  (This  was  selected  as  the  cover  for  the  August  2011  issue.) 

“Plasmon  Enhanced-Photocatalytic  Activity  of  Iron  Oxide  on  Gold  Nanopillars,”  H.  Gao,  C.  Liu,  H.  E.  Jeong,  P.  Yang,  ACS  Nano.  6, 
234,2012. 

“Ag  Nanoparticle-Alumina  Hybrid  Surface-Enhanced  Raman  Spectroscopy  Platforms  for  Direct  Spectroscopic  Detection  of  Overall 
Water  Splitting  Reaction  Intermediates,”  X.  Y.  Ling,  S.  Lo,  D.  Hoang,  C.  Liu,  M.  Fardy,  P.  Yang,  J.  Am.  Chem.  Soc.  (in  preparation). 

Project  Staff: 

Pis:  A.  Paul  Alivisatos,  Gabor  A.  Somorjai,  PeidongYang 

Postdoctoral  Scholars  and  Graduate  Students:  Yimin  Lee,  Na  Liu,  Ming  Lee  Tang,  Rouxie  Yan,  Jesse  Engel,  David  Grauer 


